Abstract. The kinetics of photodegradation of moxifloxacin (MF) in aqueous solution (pH 2.0-12.0), and organic solvents has been studied. MF photodegradation is a specific acid-base catalyzed reaction and follows first-order kinetics. The apparent first-order rate constants (k obs ) for the photodegradation of MF range from 0.69×10 −4 (pH 7.5) to 19.50×10 −4 min −1 (pH 12.0), and in organic solvents from 1.24×10 specific base-catalyzed reaction is about three-fold faster than that of the specific acid-catalyzed reaction probably as a result of the rapid cleavage of diazabicyclononane side chain in the molecule. The k obs -pH profile for the degradation reactions is a V-shaped curve indicating specific acid-base catalysis. The minimum rate of photodegradation at pH 7-8 is due to the presence of zwitterionic species. There is a linear relation between k obs and the dielectric constant and an inverse relation between k obs and the viscosity of the solvent. Some photodegraded products of MF have been identified and pathways proposed for their formation in acid and alkaline solutions.
INTRODUCTION
Moxifloxacin (MF) (1-cyclopropyl-6-fluoro-8-methoxy-7-((4aS,7aS)-octahydro-6H-pyrrolo [3,4-b] pyridin-6-yl)-4-oxo-1,4-dihydro-3-quinoline carboxylic acid ( Fig. 1) ) is a synthetic, broad spectrum fluoroquinolone antimicrobial agent (1) (2) (3) that shows in vitro activity against Gram-positive and Gramnegative organisms, as well as atypical organisms and anaerobes (4, 5) . It is indicated for the treatment of mild to moderate community-acquired pneumonia including that is caused by multidrug-resistant Streptococcus pneumoniae, acute bacterial exacerbation of chronic sinusitis, complicated dermatological and intraabdominal infections, bacterial conjunctivitis, and as a second line agent in tuberculosis (6) (7) (8) . It is available in different dosage forms such as tablets, injections, and eye drops (9 ) . Fluoroquinol ones are invol ved i n the photosensitized degradation of DNA (10) and also exhibit cellular phototoxicity (11) . They are sensitive to light (10, (12) (13) (14) (15) , and several studies have been carried out on the p h o t o d e g r a d a t i o n o f M F ( 1 1 , 1 6 -1 9 ) a n d o t h e r fluoroquinolones (18, (20) (21) (22) (23) (24) (25) (26) (27) (28) . The photodegradation of quinolones (12) and fluoroquinolones in aqueous solution (17) (18) (19) 24, 28) , follows first-order kinetics.
Chromatographic methods including high-performance liquid chromatography (HPLC) (18, (28) (29) (30) (31) (32) (33) (34) (35) , ultra-performance liquid chromatography (UPLC) (19) and densitometric highperformance thin-layer chromatography (HPTLC) (36) have been used for the assay of MF and detection of its chemical and photodegradation products (19, 29, 33, 34, 36, 37) . Some photodegradation products of MF in aqueous solution have been identified by HPLC, NMR, and MS studies (18, 19, 21, 22) . In the present investigation, the kinetics of photodegradation of MF has been studied over a wide range of pH by HPLC to observe its degradation behavior with a change in ionic species and whether the reaction undergoes any acid-base catalysis. The effect of solvent dielectric constant and viscosity on the rate of photodegradation of MF in aqueous and organic solvents has also been studied to throw light on the mode of its degradation reactions. The chemical structure of MF is shown in Fig. 1 .
MATERIALS AND METHODS

Materials
MF (98%) was obtained from Bayer AG (Leverkusen, Germany) and was used without further purification. Acetonitrile and methanol (HPLC grade) and all other solvents and reagents (Analytical grade) were purchased from Merck & Co., Whitehouse Station, NJ, USA. Deionized water was used throughout the study obtained from Millipore Milli-Q plus system (Bedford, USA). The solvents and solutions were filtered through a Millipore filtration unit and degassed before use. The following buffer systems were used in the study: KClHCl (pH 1.0-2.0); citric acid-Na 2 HPO 4 (pH 2.5-8.0); Na 2 B 4 O 7 -HCl (pH 8.5-9.0); Na 2 B 4 O 7 -NaOH (pH 9.5-10.5); Na 2 HPO 4 -NaOH (pH 11.0-12.0); the ionic strength was set as 0.02 M in each case.
Precaution
The experiments were performed in a dark chamber under subdued light. Freshly prepared solutions of MF, protected from light, were used each time in order to avoid the effect of any chemical or photochemical change.
HPLC Assay
Chromatographic Conditions
The HPLC system (model LC-10ATVP, Shimadzu, Japan) was equipped with a UV-detector (model SPD-10AVP) that was connected to a microcomputer system. The analytical column used was Purospher RP-8 endcapped (5 μm). The HPLC analysis was carried out at room temperature (25 ± 1°C) using isocratic condition. The mobile phase consisted of a mixture of water and acetonitrile (50:50, v/v) with 0.3% triethylamine at pH 3.3 adjusted with phosphoric acid. The volume of injection was 20 μL and the flow rate was 1.0 ml min −1
. All the solutions and the mobile phase were sonicated for 20-25 min before use. The detection of MF was carried out at 290 nm. The method was validated under the condition used before its application to the assay of the drug in photodegraded solutions.
Method Validation
The validation of the HPLC method was carried out according to International Conference on Harmonization (ICH) and Food and Drug Administration (FDA) guidelines with respect to parameters including system suitability, linearity, accuracy, precision, limit of detection, limit of quantification and robustness.
System Suitability
System suitability was performed by injecting six replicates of standard solutions of moxifloxacin at 10 μg/ml before sample analysis. It involved the equilibration of the composition of mobile phase. The acceptance criterion of relative standard deviation (%RSD) for peak area was less than 2%. Column plates greater than 700 and tailing factor according to USP was less than 2.0.
Linearity
Eight standard solutions in the concentration range 3-24 μg/ml (3, 6, 9, 12, 15, 18, 21 , and 24 μg/ml) were injected into the chromatograph and calibration curve was constructed by plotting the peak area against concentration in micrograms per milliliter.
Accuracy and Precision
The precision of the method was established by injecting five samples at three different concentration levels for the intra-and interday precision in duplicate. The accuracy and precision were expressed as %recovery range and %RSD of the analyte.
Limit of Detection and Limit of Quantification
Limit of detection (LOD) and limit of quantification (LOQ) of the method were calculated from calibration curve using the following equation:
where σ is the standard deviation and S is the slope of the standard curve.
Robustness
Robustness of the method was determined by a small change in ratios of the mobile phase (±2: ±2), flow rate (±0.1 ml min −1 ) and pH (±0.1 unit).
Photolysis
A 5×10
−5 M aqueous solution of MF (100 ml) was prepared in appropriate buffer in the pH range of 2.0-12.0 in a 100 ml beaker (Pyrex, France), and immersed in a water bath maintained at 25±1°C. The solution was irradiated with a Philips 30 W TUV tube (Netherlands) (87% emission at 290 nm) in a dark chamber. The tube was fixed horizontally at a distance of 25 cm from the center of the vessel. Samples were withdrawn at appropriate intervals for chromatographic assay. The same procedure was applied to the photolysis of MF (5× 10 −5 M) in various organic solvents and the samples were assayed by HPLC method.
For the identification of photodegraded products formed in acid and alkaline solutions, 1 mg/ml solution of MF was irradiated under the same conditions for 24-30 h and the solutions were used for LC-MS/MS analysis.
Light Intensity Measurement
Potassium ferrioxalate actinometery was performed (38) for the measurement of the intensity of Philips 30 W TUV tube and a value of 5.56±0.12×10
18 quanta s −1 was obtained.
LC-ESI-QqTOF-MS/MS Analysis of MF and Photodegraded Products
The MF standard and its photodegraded products in acidic and alkaline media were diluted in water and working dilution was prepared in 50:50 acetonitrile-water containing 0.1% formic acid (HCOOH). Analysis was performed by electrospray ionization (ESI) and collision-induced dissociation (CID), positive ion mode, on Qq-TOF-MS/MS instrument (QSTAR XL mass spectrometer Applied Biosystem/MDS Sciex, Darmstadt, Germany) coupled with 1100 HPLC system (Agilent). Chromatographic separation was performed using a HPLC system (Series 1100, Agilent Technologies, Waldbronn, Germany), and reversed-phase column (ZORBAX XDB-C18, 50×4.6 mm, 1.8 mm, 600 Bar, Agilent). Injection volumes were 5 μl. The mobile phases were as follows: eluent A, H 2 O (0.1% formic acid) and eluent B, ACN (0.1% formic acid), properly filtered and degassed for 15 min in ultrasonic bath before use. The flow rate was 0.5 ml min −1 and a gradient elution program was used. The chromatographic procedure was initialized at 5% B, raised to 100% B at 10 min, returning to initial conditions to 5% B at 12 min.
High-purity nitrogen gas was used as the curtain gas and collision gas delivered from Peak Scientific nitrogen generator. The ESI interface conditions were as follows: ion spray capillary voltage of 5,500 V, curtain gas flow rate 20 L min −1 , nebulizer gas flow rate 30 L min
, DP1 60 V, DP2 10 V, and focusing potential of 265 V. The collision energy was swept from 20 to 45 eV for MS/MS analysis. The sample was introduced into the mass spectrometer using a Harvard syringe pump (Holliston, MA) at a flow rate of 5 μl min −1 .
RESULTS AND DISCUSSION
Method Validation
Validation of an analytical method is of utmost importance for accurate and precise estimation of the analyte (39) . Therefore, in the present study, a simple, accurate and sensitive HPLC method has been validated prior to its application to the assay of MF. The validation data of MF are reported in Table I . The results indicate that the current method is highly accurate (101%) and precise (%RSD<2%) for the determination of MF with better system suitability ( Table I ). The method has also shown good linearity (R 2 = 0.9997) in the studied range of 3.0-24.0 μg/ml with the minimum detection and quantification limits of 0.80 and 2.44 μg/ml, respectively. Small and deliberate changes (robustness) have not been shown to affect the accuracy and precision of the method thus indicating that the current method can be successfully applied to the assay of MF and its photoproducts.
Identification of Photodegraded Products
The photodegraded products of MF under acidic and alkaline conditions (pH 2.0-12.0) obtained on 24-30 h irradiation were identified on the basis of LC-ESI-QTOF-MS and MS/MS analysis. ESI-QqTOF-MS (positive mode) scan of MF and its degradation products in acidic and alkaline solu- .1414 ), respectively. MP-4 was found to be a major degraded product in both acidic and alkaline conditions. MS/MS spectra of standard MF and its major degraded product are provided in Fig. 2 . The identified products are previously known (18, 19) . Proposed structure and molecular formula of all photodegraded products are summarized in Table II . Extracted-ion chromatograms (EIC) of MF and its photodegraded products are shown in Fig. 3 .
The results of this study show that MF on UV irradiation in acid solution leads to the formation of five photodegraded products (MP-1 to MP-5) and in alkaline solution three photodegraded products (MP-1, MP-4, and MP-5). MP-1, MP-4, and MP-5 are common in both acid and alkaline solutions. The major end product in both the solutions is MP-4. Three of these products (MP-1, MP-2, and MP-3) have previously being reported on the photodegradation of MF in the solid state (19) .
Kinetics of Photodegradation
The apparent first-order rate constants (k obs ) for the photodegradation of MF at pH 2.0-12.0 range from 0.69× 10 −4 (pH 7.5) to 19.50×10 −4 min −1 (pH 12.0) ( Table III) , indicate that the rate of reaction increases with a decrease in pH in the acid region and increases with an increase in pH in the alkaline region. This increase in rate could result from specific acid-and specific base-catalyzed degradation with maximum stability around pH 7.5. The apparent first-order rate constants for this reaction can be expressed by Eq. (1).
where k 0 is the rate constant for the uncatalyzed reaction, k 1 and k 2 are the second-order rate constants for specific acid catalysis of MF and MF + , respectively, k 3 and k 4 are the first-order rate constants for the reactions of zwitterion MF ± , and neutral MF with water, and k 5 and k 6 are the second-order rate constants for specific base catalysis of MF and MF − , respectively. The values of k obs depend on the experimental conditions, including light intensity, and may be used for comparative purpose.
Effect of pH
The k obs -pH profile for the photodegradation of MF is a V-shaped curve showing the behavior as indicated by the reactions represented by Eq. (1) and undergone by the cationic, zwitterionic, neutral, and anionic species of MF involving specific acid-base catalysis with a pH minmax =1/2 (pK a1 + pK a2 )=7.5. It is evident from the k obs -pH profile (Fig. 4) that the rate constant for the photodegradation of MF is minimum forms at the molecular level. MF (pK a1 5.69, pK a2 9.42) undergoes several acid-base equilibria to form protonated and deprotonated species with a change in pH (52, 53) . This is evident from the loss of fluorescence of singly ionized species in acid and alkaline regions (54) . The rate of photodegradation of MF in aqueous solution depends upon the reactivity of the ionic species existing in a particular pH range. The V-shaped k obs -pH profile for the photodegradation of MF (Fig. 4) indicates the effect of ionization of the molecule on the rate of the reaction. The profile mainly represents the photodegradation of cationic and anionic species of MF in the acid and alkaline regions. It appears that both of these species are more susceptible to photodegradation compared to that of the zwitterionic and neutral species. An increase in protonated piperidine species in the acid range and anionic carboxylic species of the molecule in the alkaline range ( + H 2 N-COO − ) appears to affects the rate of photodegradation. The photodegradation of MF is about 15-fold higher at pH 2.0 and 28-folds higher at pH 12.0 compared to that of pH 7.5 at which the molecule is most stable. The pH 7.5 may be considered useful for the formulation of liquid preparations of MF.
Mode of Photodegradation
MF is known to undergo several acid-base equilibria in aqueous solution leading to the formation of ionic species in different pH regions (17, 52, 53) . These ionic species participate in the photodegradation of MF and the rate of reaction would depend on the susceptibility of a particular species to UV excitation and degradation. Different pathways have been suggested for the photodegradation of MF and the formation of degradation products identified by NMR and MS techniques (18, 19, 54) . In view of the greater susceptibility of MF to photodegradation in alkaline solution, compared to that of the acid solution, an increase in rate with pH above seven could be due to the cleavage of the piperidine ring and further reactions to form different degradation products. The photodegradation of MF involves several pathways for the formation of primary and secondary photodegradation products (18) , including: (a) unimolecular photoreactions proceeding via the excited triplet states and (b) bimolecular reactions where the excited state of the drug molecule attacks another drug molecule causing electron or hydrogen transfer from the electron-rich moiety present. This is a general process leading to N-N bond cleavage and is more important with tertiary amines and with five membered rings. Thus, photodegradation may occur in MF bearing a 2,8-diazabicyclo[4.1.0] nonane side chain. The secondary processes involve the degradation of the quinoline ring (12, 21, 22) . The MF photodegraded products obtained by HPLC-FD and UPLC-MS/MS analysis have been reported (18, 19) .
In the present case, five photodegraded products (MP-1 to MP-5) of MF have been identified by LC-MS/MS analysis. In the photodegradation sequence other minor products may also be present. In view of the photodegraded products identified, schemes for the proposed pathways of photodegradation of MF in acid and alkaline solutions are presented.
Acid Solution
MF on UV excitation undergoes hydroxylation of the piperidine ring (MP-2) and hydroxylation and photooxidation of the pyrrole ring in the diazabicyclononane side chain (MP-1). This is followed by stepwise oxidation of the piperidine ring in the molecule (MP-3, MP-5). MP-5 may undergo further reaction by the cleavage of the diazabicyclononane side chain to produce the quinolone derivative (MP-4) as the final product (Fig. 5) . The rate and extent of formation of these products would depend on the pH and acid-base equilibria in the region.
Alkaline Solution
MF on light absorption undergoes hydroxylation and photooxidation of the pyrrole ring (MP-1) and oxidation of piperidine ring (MP-5) in the side chain. This is followed by cleavage of the diazabicyclononane side chain of MP-5 to form the quinolone derivative (MP-4) (Fig. 6) , as in the case of the acid solution. However, the detection of only three products in alkaline solution indicates that the reaction is faster in the alkaline solution compared to that of the acid solution. This could be due to the ability of any intermediates involved in the process to form the detected products. The mode of photodegradation of MF is similar in acid and alkaline media as a result of the specific acid-base catalysis in the whole pH range.
Effect of Solvent
MF possesses a quinolone nucleus with nitrogen atom in position 1, a carboxylic group at C-3, a keto group at C-4 and a diazabicyclononyl moiety at C-7. The presence of both the carboxylic and amino groups impart an acid-base character to the molecule which is influenced by the physicochemical properties of the solvent (55) and hence the reaction undergone by MF. The photodegradation of MF in organic solvents has been studied and the values of k obs for these reactions are reported in Table IV . A plot of k obs versus solvent dielectric constant is linear (R 2 = 0.998) (Fig. 7) , indicating that the reaction involves a polar intermediate in the degradation pathway as observed in the case of photolysis of flavins (56, 57) , fluoroquinolones (12, 21, 22) and levofloxacin (28) in organic solvents. An increase in k obs with solvent dielectric constant suggests a greater degree of solvent interaction to promote the reaction. It has also been observed in the present study that there is a linear relation between k obs and the inverse of viscosity of the medium (R 2 =0.998) (Fig. 8) . The solvent viscosity may influence the reactivity of the excited triplet state of MF as a consequence of the underlying diffusion controlled processes. A similar behavior of the effect of solvent viscosity on the photodegradation of flavins (28, 56) and levofloxacin has been observed (28) . The results of this study emphasize the importance of solvent characteristics that may influence the rate of photodegradation of a drug substance. In the case of MF, the photodegradation of the molecule is promoted in a polar medium and is inhibited by the viscosity of the solvent. It has been observed that the rate of photodegradation of MF is faster in aqueous solution compared to that of the organic solvents due to a change in the mode of reaction.
CONCLUSION
The photodegradation of MF in aqueous solution (pH 2.0-12.0) leads to the formation of several degradation products. The reaction involves specific acid-base catalysis and is represented by a V-shaped k obs -pH profile. MF undergoes several acid-base equilibria in aqueous solution and its photodegradation depend on the reactivity of the particular ionic species (cationic, zwitterionic, and anionic) present in the pH range. The rate of MF photodegradation is faster in the alkaline solution compared to that of the acid solution. This may be due to greater susceptibility of the excited triplet state of MF to undergo degradation in the alkaline solution. Pathways have been proposed for the photodegradation of MF in acid and alkaline media in the light of the products identified. MF exhibits maximum stability in the pH range 7-8 which is suitable for maintaining the pH of its liquid preparations. The photodegradation of MF in organic solvents depends on solvent characteristics and the rate constants for degradation are a linear function of solvent dielectric constants and an inverse function of solvent viscosity.
